ABSTRACT: Marine jellyfish Mastiglas sp. are abundant in marine lakes in Belau, Western Caroline Islands. They contain symbiobc dinoflagellates (= zooxanthellae) in cells of the mesoglea. The population density of zooxanthellae was measured as a function of host size and found to be sizeindependent, suggesting that it is regulated To determine how population density might be regulated, specific growth rates of algae (W, ) and host (F,) were measured independently as a funct~on of host size. The rates were dissimilar with ~l , less than F, in small medusae and p .
INTRODUCTION
Syn~biotic dinoflagellates (= zooxanthellae) inhabit a wide range of tropical marine cnidarians (corals, sea anemones, gorgonians, etc.) (McLaughhn & Zahl 1966) . They comprise from 3 to 23 % of the protein biomass of a given association (Muscatine 1980) , and although their specific growth rate is potentially greater than that of the host (Droop 1963) , their population densities are relatively constant. That zooxanthellae do not overgrow their hosts is de facto evidence for regulation. Of interest is the mechanism by which zooxanthellae population density might be controlled. Droop (1963) characterized, in a general way, the major elements involved in regulation of population density of symbiotic algae. He reasoned that (p. 178) 'once established in the host, the algae increase in numbers, but only untd they reach the population density appropnate to the situation. . . Thereafter the numbers are maintained at this level by some process of regulation, dynamic stability being one of the features of symbiosis . . . The alga should have as high a potential specific growth rate as the animal tissue it From Droop's characterization, it follows that to maintain a constant population density, the in situ growth rate of the algae must be equal to or greater than the growth rate of a given host. If greater, then algae in excess of the host carrying capacity are presumably expelled or digested. Thus, by measuring growth rates of symbiotic algae and host independently, one can determine if they are growing at the same rate, and if not, whether the algae are prone to regulation by expulsion and/or digestion. Using this approach, Muscatine et al. (1985) found that specific growth rates of zooxanthellae in the Red Sea coral Stylophora pistdata were 3 to 9-fold greater than host specific growth rates, depending on host size. Since Hoegh-Guldberg et al. (unpubl.) found Little evidence for release of zooxanthellae from S. pistillata, digestion of zooxanthellae emerged as a potential mechanism for regulating population density.
Virtually all existing information on zooxanthellae population density comes from studies of benthic, sessile associations such as sea anemones and corals. There have been very few investigations of pelagic, mobile algae-cnidarian syrnbioses, such as marine jellyfish. Ready access to 1.61 i 0.17 million symbiotic medusae (Mastigias sp., Cnidaria; Rhizostomae) in Eil Malk Jellyfish Lake, Republic of Belau (formerly Palau), Western Caroline Islands (Hamner & Haun 1981) provided a unique opportunity to study field populations. Unlike benthic sessile symbioses, the ability of Mastigias sp. medusae to maximize exposure to sunlight by swimming horizontally in shallow water during the day (Hamner & Hauri 1981 , Hamner et al. 1982 and to maximize exposure to inorganic nutrients by swimming to the lake chemocline at night (Muscatine & Marian 1982), makes them novel subjects for investigation of zooxanthellae productivity and regulation of zooxanthellae population density.
The purpose of the present study was to characterize zooxanthellae population density in Mastigias sp. as a function of host size, and to measure specific growth rates of zooxanthellae and medusae independently to gain insight into how population density might be controlled. Observations on the fine structure of the loci of algae in Mastigias sp. are also presented.
METHODS
All experiments were carried out at the Micronesian Mariculture Demonstration (MMDC) or Eil Malk Jellyfish Lake, Belau, Western Caroline Islands, during February and March 1982. Some analytical procedures (SEM, TEM) were carried out at the University of California, Los Angeles, USA.
Mastigias sp. were collected at Eil Malk Lake and maintained at the MMDC as described by Muscatine & Marian (1982) . Unlike most scyphomedusae, the ephyrae of Mastigias sp. from Eil Malk Lake are recruited throughout the year, and there are no pelagic predators (Hamner et al. 1982) . Thus medusae of a l l sizes (0.5 to 18.0 cm) are always available.
Scanning electron microscopy. Very small specimens (bell diam. 1 to 2 cm) were fixed in 5 O/O formalin in sea water (pH 7.2), and dehydrated in a graded series of ethanol. While in 100 O/O ethanol, specimens were frozen in parafilm tubes in liquid nitrogen, and fractured with a sharp blow from a razor blade taped to a small hammer. Tissue fragments in 100 O/O ethanol were critical-point dried (Samdri), attached to stubs, sputter-coated with a gold-palladium mixture and viewed with an ETEC scanning electron microscope (10 kV; 20" tilt).
Transmission electron microscopy. Small specimens were fixed in 4 "/o formaldehyde and 1 % glutaraldehyde in 0.1M phosphate buffer according to McDowell (1978) . Fixed material was brought back to UCLA, postfixed in 1 O/O osmium tetroxide in 0.2M cacodylate buffer (pH 7.4), dehydrated in ethanol and embedded in Medcast epoxy resin. Thin sections were cut with glass knives, collected on 200 mesh copper grids coated with carbon and parlodion, stained with uranyl acetate and lead citrate, and examined with a Philips 300 EM at 60 kV.
Biomass parameters. Medusa bell diameter, total protein, and numbers of algae were determined as described previously by Muscatine & Marian (1982) .
Zooxanthellae population density. From measurements of total protein in medusa homogenates and estimates of zooxanthellae protein from the same homogenates, algae-medusa protein biomass ratios were established. Zooxanthellae protein in the homogenates was determined from algal size as follows. Diameters of 1000 zooxanthellae from a range of sizes of medusae were measured to the nearest 0.1 pm using a calibrated ocular micrometer at 4 . 5 0~. From mean cell diameter the mean volume per cell was computed and the carbon per cell calculated according to Strathmann (1967) . From carbon per cell and zooxanthellae C: N atomic ratios, we calculated N per cell; and from N X 6.25, protein per cell.
For algal C : N atomic ratios, suspensions of algae were obtained from homogenized medusae as described by Muscatine & Marian (1982) . Six batches of algae were sampled over 24 h (1730 h, 2200 h, 0600 h, 1000 h, 1400 h) from hosts ranging in size from 9.5 to 12 cm diameter. Since the algae are located in the mesoglea, and since the host produces negligible mucus, the suspensions were unusually clean and free from contaminating animal material, including nematocysts. Isolated algae were rinsed briefly with fresh water, dried at 60°C in a drylng oven, and stored wlth desiccant until analysed with a CHN Analyser at the Institute of marine Science Analytical Laboratory, University of California, Santa Barbara, California, USA.
Specific growth rates. The specific growth rates of zooxanthellae (L) in situ were estimated from daily As above, showing detail of sheathing fibers and putative animal cell nucleus (at arrow). 3 6 0 0~ mitotic index (MI) data using the formulae of McDuff & Chisholm (1982) as described by Wilkerson et al. (1983) . Specific growth rates of medusae (p,) were calculated a s described by Muscatine et al. (1985) from data of Sugiura (1963) on dlameter of the umbrella (hereinafter called the bell) versus time in days. He collected Mastigias papua L. Agassiz from the vicinity of Misaki Marine Biological Station during July, August, and September 1962, when ephyrae and young medusae first appeared in the water column. Both maximum and mean bell diameters were recorded for medusae freshly collected at specific times over 2 mo. We calculated linear regression constants sequentially for successive pairs of data on age and diameter presented by Sugiura, such that
( 1) where a = intercept; b = slope of the regression curve. Using these constants and values of age+,*, we calculated diameter+,d. Specific growth rates for medusae at each initial age were then computed from
RESULTS

Fine structure of the association
Fig. l a shows clusters of algae in the mesoglea between the exumbrellar and subumbrellar epithelia. The algae are intimately sheathed and associated with fibers from the collapsed mesoglea ( Fig. l b , c ) . Algae also occur in dense tracts closely aligned with the corona1 muscle bands (Fig. Id, e ) . Materials sheathing the algae and occasional presumed animal cell nuclei are evident (Fig. If) . Transmission electron micrographs of bell tissue confirmed that the algae are within spaces in the mesoglea (Fig. 2) , and individually sheathed by several membranes. These membranes are very likely elements of the algal cell including its plasma membrane. The zooxanthellae are interpreted as being intracellular in cells of the mesoglea. If true, it is likely that the membrane outermost to the algae is a host cell vacuolar membrane. The observation of occasional presumed animal cell nuclei adjacent to the algae in some preparations (Fig. 3) is consistent with this interpretation. However, we cannot discern host cell plasma membrane contiguity in our preparations.
Biomass parameters
To determine if population density of zooxanthellae varied as a function of medusa size, we first determined how zooxanthellae biomass (total numbers, size) and medusa biomass (total protein) changed with respect to medusa bell diameter. Tables 1 and 2 show that as bell diameter increased, total numbers of algae also increased, as did medusa total protein.
To determine how algal cell size varied with bell diameter, we measured algal cell diameters from medusae of selected sizes. Algae ranged in size from 5 to 13 km. Fig. 4 shows that mean zooxanthellae diameter and bell diameter were inversely correlated. Mean algal cell diameters decreased from 9.85 k 1.34 pm in small medusae to 8.25 + 1.25 pm in large medusae.
From regression data of algal cell size vs bell dlameter (Table 2) , we calculated zooxanthellae cell diameters for each medusa in Table 1 , and from these data, estimated the total algal carbon.
Zooxanthellae population density
The mean (k SD of mean; n = 6) zooxanthellae C : N atomic ratio was 9.66 k 0.43. There was no evidence of die1 variation in C : N. Applying this mean ratio to the algal carbon data in Table 1 , we calculated the values for total algal protein. The total algal protein:total medusa protein (including algae) biomass ratlos averaged 0.10 f 0.03 (-+ SD of mean; n = 251, a value in agreement with previous estimates of Muscatine & Marian (1982) . Regression data in Table 2 show that this expression of weight-specific algal population density does not correlate significantly with host size. From this we infer that weight-specific algal population density is independent of host size. Similarly, algal population density based on number of algae per unit host protein averaged 0.28 It 0.08 X 10' cells (mg protein)-' (k SD of mean; range 0.42 to 0.10; n = 25). Since this parameter does not correlate significantly with host size (Table 2) , it too is inferred to be independent of host size.
Growth rates
To gain insight into how zooxanthellae population density might be maintained, we measured specific growth rates of algae independently, and compared them to medusa growth rates as a function of medusa size.
Specific growth rate of zooxanthellae (L) Wilkerson et al. (1983) reported that zooxanthellae from freshly collected Mastigias sp. of similar size (6 to 8 cm) exhibit a phased diel pattern of mitotic index (MI), with a maximum M1 of 10.8 at 0400 h. Using the appropriate formula of McDuff & Chisholm (1982), Wilkerson et al. (1983) found the duration of cytokinesis (td) to be 0.46 d, and p, to be 0.1 d-'.
Since these data were derived from a limited size range of medusae, and we wished to extrapolate ~l , to zooxanthellae from all sizes of medusae, we sought additional data on over a greater host size range. It was not possible during our short field excursion to obtain diel curves for M1 for all host sizes. Instead w e measured M1 of zooxanthellae from freshly collected medusae of different sizes, between 1600 and 2200 h, when, in the phased diel M1 pattern, the M1 values were least variable over time and at their lowest values (see Wilkerson et al. 1983 , Fig. 1 
and fm is the average minimum daily MI. We used the value of 0.46 d for td.
In pursuit of these data we found generally that average daily minimum M1 changed during maintenance of medusae in large outdoor holding tanks at ambient temperature and irradiance at the MMDC. Fig. 5 shows M1 for populations of zooxanthellae in medusae held for 1, 2, and 3 d before sampling for measurement of MI, compared to M1 for zooxantheUae in controls (freshly collected). M1 increased after 1 d in captivity, and to a greater extent in small medusae than in large ones. This trend is clearly borne out by medusae held for 2 d, where zooxanthellae from large medusae show only a small increase in M1 but those from small medusae exhibit a 4 to 7-fold increase, representing growth rates as high as 0.28 d-'. Although medusae held after 3 d show no increase in zooxanthellae MI, this is likely due to the fact that all of those medusae were relatively large (>B cm diam). In summary, the data show that extended maintenance causes an increase in mitotic indices of zooxanthellae in medusae < 8 cm diameter. This observation is important for interpretation of disparity in algal and host growth rates (see below).
M1 and LL, for zooxanthellae from freshly collected medusae as a function of host size are shown in Fig. 5 & 6. Zooxanthellae growth rates averaged about 0.05 d-' and decreased only slightly with increasing medusa size ( Table 2 ). Since zooxanthellae size decreases with increasing medusa size (Fig. 4 ) , it follows that, in Mas- Table 2 BELL D I A M E T E R ( c m ) Fig. 7 . Mastigias sp. Maximum (m) and mean (9) specific growth rates (p,) compared to specific growth rates ( F~) of zooxanthellae (A) vs bell diameter tigias sp., as zooxanthellae get smaller, their growth rate decreases (Fig. 6 ).
Specific growth rates of medusae (p,)
Maximum and mean specific growth rates of Mastigias sp. are listed in Table 3 and plotted in Fig. 7 . After an initial lag phase (see Sugiura 1963, Fig. 6 ) very small medusae (0.5 to 3.0 cm diam) grew most rapidly (p,max = 0.34 d-l). Thereafter, growth rate declined to a minimum of about 0.013 d-' as size increased. Comparison of (minimum growth rates) and pa (maximum and mean growth rates) (Fig. 7) reveals that small medusae ( < 8 cm diameter) grow faster than zooxanthellae while larger medusae ( > 8 cm diameter) grow marginally more slowly than their endosymbiotic algae.
DISCUSSION
The results of the present study show that the symbiotic medusa Mastigias sp. possesses abundant zooxanthellae in the mesoglea, probably within host cells. As host size increases, zooxanthellae abundance also increases proportionately with the result that the weight-specific density of zooxanthellae is independent of medusa size. Comparison of growth rates of host and algae measured independently suggests that maintenance of population density is most Likely to occur in 2 ways; by facultative increase in growth rates of zooxanthellae in s m d l medusae, and by expulsion or digestion of zooxanthellae in large medusae.
Fine structure of the association
Zooxanthellae are prevalent in many species of rhlzostome medusae (Smith 1936) . Studies of Uchida (1926) and Sugiura (1964) show that eggs and planulae of Mastigias papua do not have zooxanthellae. Algae are acquired by the scyphistoma larvae. By analogy with Cass~opeia xarnachana scyphistomae, algae presumably enter the mouth and are phagocytized by cells of the endoderm (Fitt & Trench 1983 , Fitt 1984 . At the onset of strobilation, zooxanthellae move from the endoderm to the mesoglea in amoeboid cells (Ludwig 1969 , Colley & Trench 1985 . Uchida (1926) observed zooxanthellae in the canal system of M. papua ephyra larvae and noted their subsequent spread into the mesoglea. Although he noted zooxanthellae occasionally in cells of the gonad and exumbrellar and subumbrellar epithelia, the algae were mainly clustered in the mesoglea. This arrangement was confirmed in the present study (Fig. l a , b) , and by the observations of Muscatine & Marian (1982) who noted that the algae occur in clusters of 12 to 200 cells, with about 50 such clusters per mm2 of bell surface. Smith (1936) and Ludwig (1969) observed algae in 'wandering cells' in the mesoglea, often in large numbers within a single wandering cell. In the present study, algae were observed in the mesoglea within a series of perialgal membranes, and in close proximity to animal cell nuclei. The observations and interpretation that the algae are intracellular, within vacuoles, and that more than one alga may occur within an animal cell in the mesoglea, are consistent with those of Smith (1936) and Ludwig (1969) on adult Cassiopeia. T h s interpretation does not exclude the possibility that some algae are extracellular. An intracellular locus for zooxanthellae provides scope for regulation of growth rate and maintenance of population density either by expulsion or digestion, since presumably these processes are mediated by the host cells.
Biomass parameters
There are few previous studies on size variation of zooxanthellae in symbiotic marine cnidarians. In corals from the Timor Sea, zooxanthellae size increases with depth (Titlyanov et al. 1980) , while in Jamaican corals zooxanthellae size decreases with depth (Wilkerson et al. unpubl.) . Smith (1984) found no significant correlation between zooxanthellae mean diameter and sea anemone biomass. In the present study, Mastigias sp. zooxanthellae decrease in size with increasing host size (Fig. 4) , and the smaller cells have a lower specific growth rate (Fig. 6 ). This trend is opposite to the view that, at least for free-living phytoplankton, specific growth rate is inversely related to cell size (see review of Malone 1980) . The reason for this variance with expectation is not known but may have something to do with host regulation of zooxanthellae growth rates.
Domotor & D'Elia (1984) describe a bimodal sizefrequency distribution for zooxanthellae from Pacific corals and the giant clam Tridacna sp. The significance of such a distribution is not fully understood.
Zooxanthellae population density
Zooxanthellae-cnidarian symbioses can be characterized by a finite algal popu.lation density, ranging from about 3 to 23 '10 of their total protein biomass (Muscatine 1980 , Muller-Parker 1984 , Smith 1984 . The magnitude of algal population density may be influenced, in part, by ambient light, host nutrition, and host biomass (Drew 1972 , Redalje 1976 , Falkowski & Dubinsky 1980 , Svoboda & Porrmann 1980 , Dustan 1982 , McCloskey & Muscatine 1984 , Muller-Parker 1984 . For example, algal densities negatively correlated with sea anemone polyp biomass have been reported by Steele (1976 ), Svoboda & Porrmann (1980 ), and Fitt et al. (1982 , while densibes independent of polyp size have been reported by Smith (1984) for Aiptasia tagetes from a high light environment. The zooxanthellae population density in Mastigias sp, is independent of medusa size and comprises about 10 % of the protein biomass (see also Muscatine & Marian 1982) .
Even though algal protein biomass calculated from cell volume and C: N ratio in this study compares well with previous estimates, the values depend, in part, on the accuracy of the C : N analysis. The mean C : N value for blastigias sp. zooxanthellae was 9.66 X 0.43. This departure from the Redfield ratio of 6.6 needs explaining. Increased C : N in late growth stages of cultured zooxanthellae was interpreted by Chang et al. (1983) and Domotor & D'Elia (1984) as due to carbon-rich detritus included in the analyses, or to nltrogenlimited cells. Because of the watery and mucus-free nature of the Mastigias sp. homogenate, the zooxanthellae were easily isolated and noticeably free from extraneous debris. We believe that detrital carbon was minimal and not responsible for the relatively high C : N value. Goldman et al. (1979) suggest that C : N greater than 6.6 implies less than maximal growth rate. proably due to nutrient limitation. Indeed, growth rates of 0.1 d-' are about 30 O/O of the maximum rates observed in zooxanthellae after 2 d maintenance in the laboratory (Fig. 5 ) . However, ammonium is abundant at the Eil Malk Lake chemocline (Hamner et al. 1982) , and symbiotic medusae, which visit the chemocline periodicauy, are able to take up ammonium from the environment, even in the dark (Muscatine & Marian 1982) . At present the meaning of the moderately high C : N ratio of Mastigias sp. zooxanthellae remains unresolved.
Zooxanthellae growth rates
Several previous studies present data on in situ growth rates of zooxanthellae in a single host or Limited range of host sizes (Patton & Burris 1983 , Wilkerson et al. 1983 , unpubl., Muscatine et al. 1984 , Steen & Muscatine 1984 , Smith 1984 . Smith (1986) was the first to evaluate algal growth parameters as a function of host size (age). He found that whereas juvenile and adult Aulactinia stelloides had zooxanthellae of equivalent size, the M1 of zooxanthellae from juveniles was double that of adults. Thus MI, and presumably k, decreased with increasing host biomass. Fig. 5 & 6 show that as host size increases, there is only a slight decrease in ,k concomitant with a decrease in algal cell dameter. Zooxanthellae in the sea slug Pteraeolidia ianthina behave similarly (Hoegh-Guldberg et al. 1986) . It is noteworthy that the opposite trend in M1 vs cell size has been observed in zooxanthellae in Caribbean reef corals. In that case MI, and probably L, increase as zooxanthellae diameter decreases (Wilkerson et al. unpubl.) .
Due to the nature of the sampling protocol in thls study (see 'Results'), the minimum value of was estimated to be approximately 0.05 d-'. Had we been able to sample zooxanthellae over a die1 cycle from each medusa size class, would probably have been close to 0.1 d-l, the value reported originally for Mastigias sp. by Wilkerson et al. (1983) .
Collection of data on M1 is labor intensive, and initially required maintenance of medusae over several days. It soon became apparent that M1 increased with increasing maintenance in the laboratory, as shown in Fig. 5 , and only in small specimens. The conditions which produce these high mitotic indices and concomitant high in situ growth rates of zooxanthellae are not known, nor do we know why they occur only in the smaller medusae. The observation is extremely important, however, since it shows that such conditions do exist.
Medusa growth rates (p,); comparison with p , , There are a modest number of studies of growth rates of medusae (cf. Arai 1980) but little data on rhizostomes, particularly those with symbiotic zooxanthellae. The average specific growth rate (p) of the rhizostome Rhizostoma octopus, calculated by Zaika (1972) from data of Thiel (1966 ( , in Zaika 1972 ) was 0.03 d-'. Curiously, p for R. octopus increased with age in specimens from 2.0 to 22.0 cm diameter, a trend opposite to expectations from general allometric growth data. In the present study, using the data of Sugiura (1963) for symbiotic Mastigias papua, p, decreased with age, with higher growth rates in juvenile medusae, and lower rates, comparable to the average for R. octopus, in medusae greater than about 8 cm diam.
It should be emphasized that Mastigias sp. occurs not only in Eil Malk Lake but also in Palau Lagoon. Mastigias papua collected by Sugiura were probably of the lagoon type, so that the growth rates of his specimens may differ somewhat from those of Mastigias sp. from Eil Malk Lake.
Comparison of maximum and mean growth rates of Mastigias sp. with minimum zooxanthellae growth rates (Fig. 7) or even with presumed maximum zooxanthellae growth rates (i.e. 0.1 d-l) leads to the same conclusions. Small medusae grow faster than their zooxanthellae; large ones grow more slowly. The general implications of these growth rates are that algae and host are rarely growing at the same rate, except perhaps when medusae are about 6 to 8 cm diameter. The patterns predict that small rapidly growing medusae would outgrow their algal flora over short time periods. However, data in Table 2 imply that weight-specific population density is independent of medusa size. To account for the maintenance of a sizeindependent algal population density we conjecture that the zooxanthellae in Mastigias sp. have the ability to undergo short periods of very rapid growth, as shown in Fig. 5 , probably during periods of rapid growth of small medusae. The situation is reminiscent of the fast-growing tips of a branching coral such as Acropora cervicornis, which have fewer zooxanthellae than the tissue along the branch length (Pearse & Muscatine 1971) . Growth rates of zooxanthellae from A. cervicornis, which average about 0.08 d-' along the branch length, more than double at the tip to 0.19 d-' (Wilkerson et al. unpubl.) , presumably in response to stimuli provided by the rapidly growing axial polyp or to the increased habitat volume.
Larger medusae grow more slowly than their algae and thus need to regulate zooxanthellae population density to avoid being overgrown by them. Expulsion of zooxanthellae has been described by Smith (1936) in the rhizostome medusa Cassiopeia frondosa. Algae were described as entering the gastric canals at the base of the gastric filaments. We observed clumps of debris laden with zooxanthellae in small experimental containers in which Mastigias sp. was held for 1 d. We take this as evidence for expulsion of zooxanthellae.
There is no evidence yet for digestion of zooxanthellae in these medusae. However, the occurrence of algae within host cells and the demonstration that lysosomes fuse with phagosomes containing algae in Cassiopeia xamachana scyphistomae (Fitt & Trench 1983 , Colley & Trench 1985 suggests that such a regulatory mechanism is potentially possible.
